Abstract: This paper describes a series of novel experiments testing the relative efficiencies in passing juvenile salmon ͑parr͒ through a range of model fish passes incorporating devices such as vertical slots, orifices, weirs, and combinations of all three. The hydraulic parameters-head loss, velocity patterns, and turbulence structure-were measured under each set of test conditions. A significantly higher proportion of fish moved through submerged orifices and vertical slots than through overflow weirs for any given flow rate, velocity, and head loss. The orifice and vertical slot efficiencies were directly correlated to the velocities at their entrances. To reach the tested devices, salmon parr tended to remain near the bottom of the flume and followed paths providing them with low velocities and cover along the sides of the test arena. The movements of salmon approaching entrances were consistent with energy-conserving strategies. The paper presents a tentative approach for computing energy expenditure for a range of fish pass devices.
Introduction
The installation of hydroelectric dams and weirs has the potential to affect populations of salmon by blocking their spawning migrations ͑Katopodis and Rajaratnam 1983; Webb 1990͒ . However, fish passes, or fish ways, may allow fish to move beyond any obstacle. Clay ͑1961, 1995͒ defines a fish way as "a water passage around or through an obstruction, designed to dissipate the energy in the water in such a manner as to enable fish to ascend without undue stress." In many cases, the efficiencies of the various types of fish passes in terms of damage to fish, delay in migration, and numbers passed are unknown ͑Anon 1997͒.
Scientific Rationale
One approach to studying the movement of salmon through fish passes is to track the behavior of wild fish in the field in natural situations ͑Gowans et al. 1999͒. This approach may allow assessment of the efficiencies of fish ways and may provide insights into the proportions of the migrating populations that actually move upstream and the proportions that find the entrances of fish ways. However, the behavior of salmon in the wild is influenced by so many factors and uncontrollable parameters that research, based only on field surveys, may not clearly establish the behavioral mechanisms that enable fish to locate and migrate through passes efficiently.
Another approach is a more controlled experimental program using juvenile salmon in specially designed physical models; where detailed records may be made of fish movement ͑digital cameras͒, velocity and turbulence measurements, control of flow and head loss, counting of the proportion of fish passing through a range of common fish way devices ͑slots/orifices/weirs͒ comparing relative efficiencies. The latter approach was adopted in this study. The work, therefore, advances considerably beyond that of Stuart ͑1962͒ by comparing a wide range of fish pass devices, matched for velocity and discharge at their entrances and determining the numbers passing within a given time frame.
Experimental Arrangement
Identical physical models were constructed at the Fisheries Research Services Freshwater Laboratory at Almondbank, Perth, Scotland, where observations were made of fish behavior, and at the Univ. of Glasgow, where detailed hydraulic conditions were measured. The physical models were effectively simplified representations of a portion of a river downstream of a weir or dam obstruction to fish migration. A removable cross wall, incorporating one type of pass tested ͑slot/orifice/weir͒, divided the flume into two pools. The flume at Almondbank ͑1.22 m wide, 6 m long and 0.8 m high͒, sketched in plan view in Fig. 1 , was supplied with a continuous throughflow of water from the River Almond at a maximum discharge of 0.045 m 3 / s. A tilting gate at the end of the flume enabled control of the water level downstream of the cross wall. A slot gate upstream of the cross wall enabled regulation and control of the flow going through the weir, slot, or orifice opening. The biological experiments were conducted in this flume in four series between 1999 and 2000. 33 scenarios were investigated using 760 hatchery-reared salmon parr ͑length range: 8-14 cm͒. Prior to the experiments, the fish were held in large tanks supplied with constant flows of aerated water from the river. Water from the holding tank was pumped into the flow entering the flume to provide an olfactory stimulus that may have stimulated homing. Each fish was used and handled only once and placed in another tank following a trial. Groups of 20 fish were tested individually for each fish pass design. Each fish was left in the flume for 40 min before being removed if it did not proceed through the passing device. Each fish was introduced at the downstream end of the flume adjacent to the viewing window as shown in Fig. 1 . The fish was then observed continually and records were made of changes in its position with time. Direct observations were supplemented by video records using a network of eight cameras, three of which were located at the side viewing window, four inside the flume, and one vertically above the target area 1.22ϫ 1.22 m. These allowed digitization of fish location with time. Different types of fish passes were alternated sequentially as the trials progressed to avoid any systematic seasonal bias influencing the results. The mean temperature of the water in the flume was 14. The flume at the Univ. of Glasgow was of identical dimensions to the one at Almondbank ͑Fig. 2͒. This flume was used to measure detailed hydraulic conditions associated with each design of pass. A removable cross wall, incorporating one type of pass tested ͑weir, orifice, slot͒, divided the main channel flume into two pools and a tailgate placed at the end of the flume controlled depth. Measurements were made of the flow rate ͑Q͒, the head loss ͑⌬h͒, the water surface level, three-dimensional mean velocities ͑u , v , w͒, and root-mean-square ͑RMS͒ turbulent velocities uЈ , vЈ , wЈ. Flow rates were measured using a calibrated orifice plate. Water surface was measured using digital pointer gauges, and velocities and turbulence were measured using a Sontek acoustic doppler velocimeter ͑ADV͒. Detailed measurements were focused on a plan area 1.5 m long by 1.22 m wide downstream of the fish pass device. A word of caution is warranted for the use of an ADV instrument in some cases tested. No problems were encountered with measurements in submerged jets, or with the vertical slot flow. The case of a plunging jet weir flow, however, presented problems with the highly three-dimensional flow patterns, the high degree of aeration, resulting at times in either no signal or, at best, a low "signal-to-noise ratio." In the latter case, such data were omitted from the results sequence leaving gaps in the velocity and turbulence patterns for certain weir flow behaviors.
Four basic types of openings were tested at both Almondbank and Univ. of Glasgow, namely weirs, orifices, vertical slots, and combinations of all three. These can be summarized into 12 designs as shown in Table 1 . Each design was tested for two discharges, namely, 0.012 and 0.02 m 3 / s. Velocities and turbulences were measured in the Univ. of Glasgow flume over an area of 1.22 m wide by 1.50 m long located immediately downstream of the cross wall, in horizontal planes at one-third and two-thirds of the water depth for the weirs and the vertical slots, and in the plane of the jet centerline for orifices. Additional measurements were also made in a plane 0.01 m from the flume bed for some orifices and vertical slots, as parr tend to move close to the streambed. This habit of salmon holding station near the substrate in fast water can be correlated to the logarithmic decay in velocity toward the stream bottom ͑Hynes 1970; Smith 1975͒. 
Experimental Results: Velocity and Efficiency
The efficiencies of the different designs ͑defined here as the proportion of fish passing͒ are presented in Table 2 for the four series of tests conducted at Almondbank. A significantly higher proportion of fish moved through submerged orifices and vertical slots than through weirs, despite the fact these were tested at equal flow rates and comparable velocities. Salmon parr were able both to locate and pass easily through the orifices or the slots within the few first minutes of their introduction in the flume. Pilot studies showed that they were also capable of passing over the weirs but only if left for a sufficiently long time in the flume ͑generally much longer than the 40 min trial period͒.
Weir Results
The notch of the weir was chosen to be rectangular with a width of 0.20 m and located 0.30 m above the flume floor as shown in Figs. 3 and 4. The pool depth was fixed at 0.20 m for Series 1 and 3 tests and at 0.30 m for Series 2 tests as shown in Table 2 . The flow rate was either 0.012 or 0.020 m 3 / s. For Series 1 and 3, the flow was in the plunging mode at the two discharges tested with Z = 0.1 m as shown in Fig 4 . In Series 2, there was no drop in level from the weir crest to the water surface downstream ͑i.e., Z =0͒. In this case, the flow oscillated between the surface wave and the surface jet regime.
The flow was highly three-dimensional with the jet passing over the notch, plunging downward, and becoming fully submerged as it swept the flume bed. The submerged jet spread radially but not symmetrically at the plunge pool floor stagnation point, forming two submerged rollers shown schematically in Fig.  4 . The jet generated coherent and random turbulent structures. The impinging jet entrained air around the circumference of the jet intersection with the free water surface creating a phenomenon of aerated white water. The two rollers are part of the stimulus to the fish preceding the leap. Turbulence and noise caused by the falling water are thought to be factors that enable salmon parr to find their way ͑Stuart 1962͒. Stuart observed that the leap is always initiated at the surface of the pool on the neutral point of the standing wave. The fish rise with the current to break the surface as they meet the upward current ͑roller͒ in front of the plunging jet or nappe. Leaving the water, the fish then move through the air and re-enter the water near the crest of the weir.
Figs. 5͑a and b͒ show the velocity pattern and the contours of turbulence intensity for a weir in the center of the pool for a discharge of 0.012 m 3 / s and a downstream water depth of 0.20 m ͑weir notch 0.3 m above the flume bed͒, in the horizontal plane one-third of the water depth above the flume bed. It can be seen that high velocity and high turbulence is concentrated exclusively around the zone of impact. The turbulence intensity is the ratio of the mean value of the RMS values of the turbulent velocity fluctuation, uЈ, vЈ, and wЈ to the mean flow velocity U o at the fish
Turbulence intensity can reach values of 50% locally and the maximum velocities occurred at the water surface in the zone of impact reaching values of 2 and 2.2 m / s for discharges of 0.012 and 0.020 m 3 / s. For a water depth of 0.30 m, the maximum velocities decreased to 1.50 and 1.75 m / s.
It is important to note that according to Beach ͑1984͒, water velocities of 2 m / s or more exceed the swimming capabilities of 0.8 to 0.14 m long parr. However, parr can bypass such high velocities to pass over the weir, as they tended to move near the bed where the velocities were low, while swimming toward the weir and in the vicinity of the jump they use the upward current of the roller to reach the water surface and initiate their leap. According to Stuart ͑1962͒, the white water phenomenon observed at the weir overflow can block the stimulus to jump if the concentration of air is too high. Using an empirical relationship to predict aeration rate, the mean air concentration for such a plunging weir flow and for the two discharges of 0.012 and 0.020 m 3 /s has been calculated to be around 6-7% ͑Ervine 1998͒. Table 2 .
Orifice Flow Results
For all orifice situations, the rectangular jet passing through the fish pass device was discharged into a quiescent pool. The behav- 
Vertical Slot Results
The great advantage of vertical slots over weirs or orifices is the fact that fish are able to swim through the slot at any desired depth. This is particularly important for non-salmonid species in tropical and subtropical rivers, which have lower swimming capabilities and/or do not have jumping abilities ͑Stuart and MallenCooper 1999͒.
Four vertical slot situations were tested, two being 0. 
Comparison of Fish Passage Efficiency for the Different Devices
A comparison of the relative efficiencies of bottom orifices, slots, and elevated orifices is shown in Fig. 9 , based on observations from the Almondbank flume. The efficiency results are plotted against the maximum velocity through the fish pass device. For salmon parr tested ͑760 fish in total͒, passage efficiency decreases with the increasing velocity ͑analysis of covariance, F = 26.588, p = 0.00087͒. The efficiency of weirs is omitted from Fig. 9 , as their efficiency is effectively near zero for the 40 min allowed for each fish to locate and pass through the device being tested.
For a given velocity, orifices located at the base of the flume were more efficient than vertical slots ͑F = 12.550, p = 0.0076͒ ͑Fig. 9͒. According to Bates ͑2000͒, the attraction of the entrance jet to a fish pass is its momentum. Therefore, at equal velocities, orifices may be more suitable than vertical slots because the decay rate of the velocities within the jet is higher for slots than orifices. Orifices at the base of the flume were significantly more efficient than those elevated above the bottom ͑chi-square test, F = 7.92, p = 0.0227͒, with efficiency decreasing with orifice elevation above the flume bed. Even though the velocities at the vena contracta were similar between orifices at the base and elevated 0.05 m and 0.10 m above the bed of the flume, the jet diffusion patterns varied. Jets discharging through orifices located at the base are more comparable to wall jets, while jets passing through elevated orifices behave more like free jets. Fish moving near the bottom of the pool, therefore, experience very different velocity flow patterns and flow directions depending on orifice elevation.
The overall efficiency of an orifice over a range of flows might be improved by introducing a weir in parallel, with the weir operating mainly at high flows. The efficiencies of bottom side orifices ͑to one side͒ with and without a weir in combination are shown in Fig. 10 . At high discharge, ͑0.02 m 3 /s͒, the efficiency of the orifice is improved significantly by combining with it an overflow weir ͑chi-square test, p = 0.005͒. It can be seen that the velocity at the vena contracta was reduced by 8% at low discharge and 45% at high discharge due to the presence of the weir. This reduction in velocity at the vena contracta showed an efficiency improvement from 2.5 to 52.5%. The introduction of a weir allows a sufficient reduction of the velocities downstream from the opening to keep the orifice attractive and, therefore, increases the range of flow for which the design is passable by migrating fish.
Paths Chosen by Salmon Parr
The movement of salmon parr approaching passes could be classified into three basic paths as sketched in Fig. 11 , although other combinations are possible. For Path A, fish move directly along the side of the flume from the point of its introduction to the weir, The proportions of salmon parr choosing the three main paths namely, A, B, and C, for the different situations tested are presented in Table 3 . The choice of path appears to be influenced by factors not related to the efficiencies of the devices tested, such as the lateral location of the device ͑chi-square= 6.392, df =2, p = 0.041͒. There was a statistically significant influence of the design ͑side orifice versus side slot: chi-square= 7.043, df =2, p = 0.030͒ in the frequency of the three paths but no difference in the choice of pathways between an orifice alone and an orifice combined with a weir ͑chi-square= 0.305, df =3, p = 0.959͒. There was also no influence of the size of the orifice ͑chi-square = 1.322, df =2, p = 0.517͒ or the width of the vertical slot ͑chi-square= 2.305, df =3, p = 0.512͒ in the frequency of the use of the three paths.
Approximate Energies Expended by Salmon Parr
When entering their natal river, spawning salmon stop digesting food and rely solely on their energy reserves. The cost of the long upriver migration will determine the amount of energy that remains to invest in offspring and in competition on the spawning grounds. The energy costs of passing obstructions, such as weirs and dams, will influence the overall energetics of migration. Movements through areas of high velocity and turbulence impose a high-energy cost.
Salmon use a range of tactics to reduce energy expenditure during migration. The main strategies include swimming, ͑1͒ in low or reverse flow current paths ͑Hinch and Rand 1998͒, ͑2͒ steadily at hydrodynamic speeds ͑Weihs 1973͒, and ͑3͒ in burst and coast fashion ͑Weihs 1974͒. In this study, the parr displayed two main tactics to reduce energy expenditure during the behavioral experiments. By choosing Path B ͑Fig. 11͒ to reach the upstream part of the flume, parr were effectively exploiting reverse flow ͑or more precisely recirculating flow͒ to move forward. Parr approaching the orifice/slot also chose an energy economical path. They generally followed the sides of the flume and always swam into the slot/orifice at an oblique angle thus minimizing the period of time spent in high jet core velocities.
We might consider, in crude theoretical physical terms, the energy differential upstream and downstream of different pass types in relation to paths taken by fish. The forces that act on a swimming salmon include gravity forces ͑W͒, pressure forces ͑B͒, viscosity ͑D͒, virtual mass forces ͑F VM ͒, surface tension, and water elasticity ͑Webb and Weihs 1983͒. In most cases, the two latter components are negligible in comparison with the four first components. Inertia forces are caused by acceleration of a mass of fluid and the resistance of the fluid to shearing motion generates a drag force. In accordance with Newton's second law, the propulsive force, P, the fish need to generate to swim at a speed U is equal and opposite to the resultant of the forces previously described 
͑1͒
If the streamlines are straight, parallel, and horizontal, and if the water surface is horizontal, then the buoyancy ͑B͒ can be expressed by the following equation:
where V = volume; w = water density; and g = gravitational constant. The weight of the fish is a function of its average density f , volume ͑V͒, and the acceleration g due to gravity as below:
The drag force is given by
where A = surface area exposed to oncoming flow. Behlke ͑1991͒ assumed A to be equal to bL 2 where L is the fish length and b is a dimensionless coefficient, C d is a drag coefficient for steady flow, and 0.5 w U 2 is the dynamic pressure. The drag coefficient C d depends on the geometry of the fish body and on its Reynolds number ͑R = UL / ͒. Webb ͑1975͒ recommended an empirical equation for the drag coefficient: 
͑5͒
where k = dimensionless coefficient varying from 3 to 5. If Eqs. ͑4͒ and ͑5͒ are combined, the profile drag can be simply expressed as
͑6͒
When a fish accelerates, it carries some of the surrounding fluid with it. This surrounding fluid with a mass M a is accelerated with the fish. F VM is the virtual mass force exerted by a fish when it accelerates where ͑M + M a ͒ is the virtual mass of the fish and a is the acceleration of the fish. Webb ͑1975͒ assumed M a to be equal to 0.2M. For a steady flow and if considering a onedimensional motion, F VM can be simply expressed in the following form ͑Behkle 1991͒:
where U = mean velocity of the fish between two points; d = distance apart these two points; and ⌬U = difference of velocity between the two points. The weight W of a fish can be expressed as a function of length L and a dimensionless coefficient c depending on fish characteristics through a relationship
͑8͒
The energy expended by the fish to pass a structure can be expressed as follows:
where P = propulsive force or thrust that the fish need to generate to move upstream at a speed U. The velocity of the fish at one point with respect to the water U can be expressed as a function of the velocity of the water V w and the speed of the fish relative to the ground V f . The ground speed of the fish can also be expressed by the relation V f = ͑1+␣͒ V w , where ␣ is a dimensionless coefficient representing the energy strategy adopted by the fish. Therefore
The energy expended by a salmon parr therefore depends on two types of parameters, denoted as "imposed" and "strategic." The imposed parameters are, for example, its size L ͑m͒, and/or the velocity of the water V w ͑m/s͒. The strategic parameters are, for example, the dimensionless coefficient ␣ that corresponds to the energy strategy adopted by the fish.
Energy Expenditure at Orifices and Vertical Slots
When swimming through an opening, such as an orifice or slot, a swimming fish counters pressure forces, drag forces, virtual mass forces, and buoyancy forces. The virtual mass forces can be neglected in this analysis on the grounds that the fish has a constant velocity in the vicinity of the orifice/slot and that the velocity is constant in the potential core region of a three-dimensional jet ͑Rajaratnam 1976͒.
The energy required to pass through a slot can, therefore, be approximated by:
where d = distance downstream of the orifice from where the fish start to dart; and ⌬h = the elevation difference between the upstream and downstream of the pool.
Energy Expenditure at Weirs
According to Orsborn and Powers ͑1985͒, when leaping over a weir, the fish spend more time in air than water. As the density of air is much lower than the density of water, the drag forces acting on the fish while in the air can be neglected. Hilliard ͑1983͒ also found that downstream of a waterfall or a weir, the standing wave which rises by 0.024 ⌬h above the average depth of the pool, helps the fish to leap ͑Stuart 1962͒. Therefore, the fish has only to overcome its weight. Thus, the total energy a fish needs to supply is:
where ⌬h = height to jump from downstream level to upstream level; and = angle of the leap. In a still pool, the angle of the leap is typically around 60/ 70°to the horizontal. Eq. ͑13͒ is only valid for the time the fish spends in the air while leaping and does not take into account the forces the fish used during takeoff and landing. This calculation of energy requirement is also based on the assumption that, at a weir, fish leap over the falling water rather than swimming through it. Only the hydrodynamic approach was adopted to calculate the energy used by salmon parr to swim in a flume and pass through an orifice/slot or jump over a weir. However this simple approach to the mechanisms of fish propulsion clearly showed that the energy fish use to swim or pass through an obstacle depends not only on the characteristics of the flow ͑e.g., hydraulics and temperature͒ or the characteristics of the fish but also on the strategy selected by the fish.
The energy expended by parr passing through weirs, orifices, and slots is estimated using Eqs. ͑12͒ and ͑13͒. The results are shown in Table 4 . It is clear from this table that for all designs tested, the energy expended by parr increases with their size. For the weir, it is also evident that the parr will expend less energy if the water level downstream of the weir is raised. In this particular case, the energy expenditure is halved when the water level downstream of the weir is increased from 0.20 m to 0.30 m. The comparison of the small and large orifices also shows that the energy expenditure is three times greater when the area of the orifice is halved thereby doubling the velocity. The energy expenditure is increased by 2.5 times when the width of the vertical slot is reduced from 0.10 to 0.05 m.
In general, the weir appears to offer the least energydemanding route, followed by the wide vertical slot, the large orifice, the narrow vertical slot, and the small orifice. This apparent superiority of the weir design over the orifice and vertical slot designs is due to the fact that the energy expenditure calculated takes into account only the actual jump of the fish, and ignores the energy expended by the parr to reach the starting point of the jump. If the energy expended by the fish before passing through the orifice/slot is ignored, as shown in Table 5 ͓only the first term of Eq. ͑12͒ is taken into account͔, the energy used by the fish to pass through the orifice/slot devices tested is less than 3.00E-03 J and is smaller than, or of the same order as, the energy used by the fish to jump. From the biological point of view, energy is only one of a number of factors of importance to fish. Risk of damage during passage, vulnerability to predators, and ease of finding the entrance may all affect the costs and benefits of different pass designs and may influence the responses of fish to different water flows.
Conclusions
The suitability of a fish pass design is governed both by the hydraulic conditions and behavior patterns of the fish. The interaction between these factors is extremely complex, even in simple designs of fish pass, and much more work is needed to predict pass efficiencies from first principles. Nevertheless, our laboratory trials with juvenile salmon demonstrated strong relationships between flow characteristics and pass efficiency, and significant differences between pass designs independent of flow velocity at the entrance. The main findings of this study can be summarized as follows:
• The mean efficiency of salmon parr passing a weir, orifice, and slot in a physical scale model are: 2.5, 68, and 44% respectively. These data are based on a 40 min trial period for each fish tested in the model flume.
• The efficiency declines almost linearly with increased velocities in the vicinity of the fish pass device for both orifices and slots.
• The overall efficiency of an orifice over a range of discharges might be improved by introducing a weir in parallel, with the weir operating mainly at high flows.
• The paths generally chosen by parr were: Path A ͑shortest route along the edge/side of the flume͒ 35%; Path B ͑longer route along the edge͒ 33%; and Path C ͑crossing over from one flume side to another͒ 11%.
• In accordance with the findings of many previous biological studies, parr adopted behavior strategies that minimized energy expenditure and maximized the use of cover and, thus, chances of survival.
• The results of this study provide clear guidance for fish pass design for Atlantic salmon parr. In view of the fact that parr behavior was consistent with minimization of energy expenditure and mortality risk, which are common traits among animals, it is unlikely that behavior of larger salmon would differ. There is, however, a need to test some of our predictions on adults.
Notation
The following symbols are used in this paper: A ϭ surface area; a ϭ acceleration; B ϭ buoyant forces; c ϭ dimensionless coefficient; C d ϭ drag coefficient; d ϭ distance; E ϭ energy spent by the fish; F VM ϭ virtual mass force experimented by the fish; g ϭ gravitational acceleration ͑=9.81 m / s 2 ͒; h 1 ϭ upstream head; k ϭ dimensionless coefficient; L ϭ fish length; M ϭ mass of the fish; M a ϭ virtual mass of the fish; P ϭ propulsive force; Q o ϭ discharge through an orifice; Q w ϭ discharge over a weir; R ϭ Reynolds number; U ϭ fish speed with respect to the water; u,v,w ϭ longitudinal velocity components in horizontal measurements planes; uЈ,vЈ,wЈ ϭ root-mean square of longitudinal velocity components in horizontal measurements planes; V ϭ volume of the fish; V f ϭ fish speed with respect to the ground; V w ϭ average mean water velocity; W ϭ weight of a fish; Z ϭ submergence, height of the jump; ␣ ϭ dimensionless coefficient; ⌬h ϭ head difference from one pool to the next; ⌬U ϭ difference of velocity between two points; ϭ angle of fish leap; ϭ viscosity; ϭ kinematic viscosity; f ϭ average density of the fish; and w ϭ water density.
